fertilizers almost until the end of the 20 th century (Scherer 2001 (Scherer , 2009 ). However, the content of mineral sulfur forms in soil rapidly decreased in the last three decades , Scherer 2009 ). Therefore, mineral sulfur deficiency starts to be an actual problem in many locations (Eriksen 2005 , Lehmann et al. 2008 , Scherer 2009 , Kulhánek et al. 2016 . Because of these facts, relatively new methods have been developed and further improved for extracting of bioavailable and other soil sulfur forms (e.g., Shan et al. 1992 , Blair et al. 1993 , Morche 2008 , Förster et al. 2012 ). Yet, most of these methods are focused only for sulfur determining and because of that, they are usually more expensive in comparison to multielemental methods. Therefore, it is obvious to compare the results of these methods with M3, which, in case of good correlations, can be further used for determining of bioavailable S forms with the advantage of simultaneous measurement with other macro and micronutrients.
It has been reported that anions, such as acetate and nitrate, are capable to extract S from the soils. The ability for replacing SO 4 2-tends to be low as compared to the phosphate (PO 4 3-) anion (Chao and Thomas 1963) . The M3 extractant contains acetate and nitrate anions, hence, the possibility of using this extractant for S cannot be ruled out (Rao and Sharma 1997) . On the other hand, some of the extractants focused on mineral or directly bioavailable sulfur can extract significant amounts of organic S (Alewell 1993) . Because of this, it is important to know the relationships between M3-determined S and organic sulfur compounds.
The aim of this research is to compare the results of M3-determined sulfur with different sulfur fractions in the set of soil samples taken up from the sites with a wide range of pH values as well as the sulfur contents. Due to the use of correlation analysis, it will be possible to estimate the sulfur form, which is in the closest relationship to the M3 method. Based on the results it will be possible to predict the potential of M3 to extract plant available S.
MATERIAL AND METHODS
Experimental setup. Archive, air dried (< 2 mm) soil samples from the long-term field experiments of the Czech University of Life Sciences in Prague and the Central Institute of Supervising and Testing in Agriculture in Brno were chosen for the analyses. These samples represent a common range of agronomy-used soil types, fertilizing treatments, as well as the high range of water-extractable S contents and pH values (Table 1, Figure 1 ). Total number of samples analysed was 98. All of them were taken up after the harvest of currently grown crops (summer/autumn) as it is usually done by collecting the samples for determining other nutrients using M3.
Laboratory analysis. Soil texture was determined using the areometric method according to Casagrande and Loos (1934) . The following analyses were realized: C org (total organic carbon content in soil) -oxidation with potassium dichromate and sulfuric acid (ISO 14235, 1998) . N tot (total nitrogen content in soil) -Kjeldahl method (ISO 11261, 1995) . The pH values -0.01 mol/L CaCl 2 extracts (ISO 10390, 2005) .
For the contents of S w (water-extractable (readily available) S); S ads (adsorbed S) and S HCl (0.1 mol/L HCl extractable S) -the fractionation after Morche (2008) was used: a soil sample was firstly extracted with demineralized water (1:10 v/w), followed with 0.032 mol/L NaH 2 PO 4 (1:10 w/v) and 1 mol/L HCl (1:20 w/v) extraction. For the S HI (hydroiodic acid reducible S), the method after Chen (1995 modified by Morche 2008) was used: 0.5 g of soil was weighed into a boiling flask. This was connected to the JonshonNishita digestion system followed with addition of 15 mL of reducing solution (mixture of hydroiodic, formic and hypophosphoric acid in the ratio 4:1:2); this suspension was heated (in 140°C oil bath) for 50 min under nitrogen atmosphere. The developed H 2 S gas was trapped in 10 mL of 0.05 mol/L NaOH solution and here converted to sulfate.
Total S (S tot ) content was determined in the digests obtained by the following decomposition procedure: Aliquots (0.5 g) of soil samples were decomposed with a mixture of 8 mL concentrated nitric acid, 5 mL of hydrochloric acid, and 2 mL of concentrated hydrofluoric acid. The mixture was heated in an Ethos 1 (MLS GmbH, Leutkirch im Allgäu, Germany) microwave-assisted wet digestion system for 33 min at 210°C. After cooling, the digest was quantitatively transferred in Teflon® vessel and evaporated to dryness at 160°C. The digest was then dissolved in a 3 mL nitric and hydrochloric acid mixture (1:3), transferred into a glass tube, filled up by deionized water and measured. The
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Vol. 64, 2018, No. 9: 455-462 Plant Soil Environ. The concentrations of S in soil digests and extracts were determined using the optical emission spectroscopy with inductively coupled plasma Plant Soil Environ. Vol. 64, 2018, No. 9: 455-462 (ICP-OES) with axial plasma configuration, Varian, VistaPro, equipped with autosampler SPS-5 (Mulgrave, Australia). Operating measurement wavelength for ICP-OES was 180.7 nm for S. The measurement conditions were: power 1.2 kW, plasma flow 15.0 L/min, auxiliary flow 0.75 L/ min, nebulizer flow 0.9 L/min. Measurement using ICP-OES was chosen intentionally in this research because it is commonly used for analysis of M3 extracts allowing simultaneous extraction of bioavailable macro and micronutrients in soil. This is the main advantage of M3 against other extractants specialized on S only. On the other hand, ICP-OES measures also some part of organic S in extracts focused on inorganic S only. The ratio of organic S in S w and S ads extracts is usually very low, but in S HCl extracts on noncalcareous soils it is usually significant. Because of that, ion chromatography (IC) (Kowalenko and Grimmett 2007) or capillary electrophoresis (Zbíral 1998 (Zbíral , 1999 are commonly used for the precise measurement of the inorganic S.
Derived measures and data analysis. The content of S av (bioavailable S) was calculated as the sum of S w and S ads , because water soluble and adsorbed S are generally believed to be immediate S source for plants (Förster et al. 2012) , the content of S es (estersulfate S) sulfur as S es = S HI -S av and the approximate content of S org as S org = S tot -(S av + S HCl ), respectively.
For the basic statistical evaluation (medians, averages, linear regression), Excel (2016) was used and for further analyses (box-plots, normality of distribution and Pearson's correlation analysis) Statistica ver. 13.2 (Dell software 2016) was used.
RESULTS AND DISCUSSION
Descriptive statistics. Figure 1 represents the basic statistical evaluation of the obtained results. The median values of extracted S increased in the order S ads < S HCl < S w < S av < S M3 < S es < S org < S tot , and the contents reached 6. 15, 9.41, 10.3, 18.0, 18.2, 99.7, 171 and 196 mg S/kg, respectively. The interesting fact is that the value determined using the M3 extractant corresponds closely with the content of bioavailable sulfur, where the value obtained with M3 was only by 0.2 mg S/kg higher in comparison to S av . The content of S av represented 9.19% of S tot . The sum of all determined S forms (except S tot ) reached the higher values than S tot . It was caused by the extraction methods overlapping; e.g. S es represents the significant part of S org .
Correlation analysis. The most important part of this research was to evaluate the relationships between M3 and other determined S forms. For this purpose, the correlation and regression analysis was carried out. The results of the Pearson's correlation analysis are mentioned in Table 2 . From the obtained results, it is clear that the S M3 values corresponded well with the contents of S ads and S w , where the correlation coefficients reached 0.73 (with S ads ) and 0.886 (with S w ), respectively. Therefore the correlations between S M3 and S av were also very high (0.882). On the other hand, the relationships between the S M3 and organic S compounds were weak. The correlation coefficient between S M3 and S org was 0.349 (with lower significance P ≤ 0.01) and with S es reached the nonsignificant value 0.112, respectively. The significance increased by comparison of S M3 with S tot (r = 0.517). It was probably caused due to the fact that S tot contains also inorganic S forms, which showed a close relationship with S M3 . The correlations between S M3 and S HCl were significant at P < 0.001, but the r value was only 0.391. It has been described in many studies that a significant part of organic S is extracted by hydrochloric acid (discussed further). Further analyses confirmed highly significant relationships of S tot with S org , as well as with S es . The correlations between S org and S es were also very high. Regression analysis. It was carried out to confirm the results of correlation analysis (Figure 2 , Table 3 ). Based on the main aim of this study, the relationships between S M3 and other soil S fractions are shown here. From the comparison of exponential, logarithmic, polynomic and linear regression, the last one showed the best results in most of the cases. Figure 2 shows the relationship between S M3 and S av . This confirmed the results from the previously mentioned correlation analysis. The regression coefficient R 2 = 0.777 confirms very close relationships between M3-determined S and bioavailable S. With 77.7% of reliability it can be also calculated that S M3 = 0.961 × S av + 1.902.
The following results of regression analysis between S M3 and other S fractions are presented in Table 3 . The results correspond with the data obtained by correlation analysis. It confirms the ability of M3 extractant to determine the bioavailable S forms due to the close relationships with both, S w and S ads , respectively. On the other hand, regression relationships with organic S forms and S HCl are very weak.
DISCUSSION
According to the previous studies, readily available sulfur is in form of the SO 4 2-ions dissolved in the soil solution. The main ratio of these ions can be extracted with distilled water and other weak solutions, e.g., CaCl 2 or LiCl 2 (Walker and Doomenbal 1972, Tabatabai 1982) . However, this form is not the only one that can be taken up with plants. There are also sulfates bound with the weak binds on the soil particles -adsorbed S. These can be usually easily released into the soil solution and subsequently taken up with plant roots. Therefore, these ions are also believed to be plant available (Förster et al. 2012) . Because of that, the plant available sulfur content represents the sum of S w and S ads , which also corresponds with many literature sources (Bohn et al. 1986 , Tisdale et al. 1993 . The majority of the sulfur taken up by plants is derived from the soil organic S pool (Boye et al. 2010) , from which S is transformed in adsorbed and water-extractable forms as well. Because of that, organic S pool is also very important (especially from the long-term point of view); however, it could not be directly taken as a bioavailable pool.
From the obtained data it is clear that S av represents only a small part of the total sulfur. As Linear regression parameters y = ax + b; a -slope; b -intercept; R 2 -regression coefficient; S M3 -Mehlich 3 extractable S; S w -water-extractable (readily available) S; S ads -adsorbed S; S HCl -0.1 mol/L HCl extractable S 459 confirmed e.g. by Tisdale et al. (1993) , Wang et al. (2006) , Balík et al. (2009 ) or Förster et al. (2012 bioavailable (mineral sulfur) forms represents less than 10% of S tot . In our case, the average value of 9.19% was obtained. The relatively higher value is probably caused due to the fact that using the ICP-OES some part of dissolved organic S is measured (Shan et al. 1992, Kowalenko and Grimmett 2007) . The interesting fact is that the average value determined by the M3 extractant (18.2 mg/kg) corresponds closely with the average content of S av (18.0 mg/kg). The higher S M3 values were expected because the M3 is one of the strongest extractants to determine bioavailable forms of phosphorus , Wuenscher et al. 2015 and other macroelements (Zbíral and Němec 2005 , Bortolon et al. 2011 , Ostatek-Boczynski and LeeSteere 2012 .
Similar relationships between S M3 and S w were found in the study of Kowalenko et al. (2014) . These authors evaluated 109 contrasting soils, where the average values of S M3 and S w were almost the same. Based on their results it is possible to assume that water extracts similar soil S pool as M3 and multiple-element soil extraction methods show a considerable promise for soil S testing.
The order of S es < S org < S tot is logical, because S org represents the main part of S tot and S es a large part of S org . Similar distribution of soil sulfur fractions was confirmed e.g. by Morche (2008) , Scherer (2009) , Kulhánek et al. (2011 ), Förster et al. (2012 .
The correlation analysis shows close relationships (r = 0.883) between both bioavailable S forms (S w and S ads ) and S M3 . Therefore it is clear, that M3 extractant determines a significant amount of bioavailable S. The relationship between S HCl and S M3 is much lower (r = 0.391). It is probably due to the extraction abilities of 1 mol/L HCl. This extractant was developed to determine occluded S form that is bound in Ca and Mg coprecipitated forms. This form is only possible to measure using the ion chromatography (Förster et al. 2012 ). Yet, in the case of ICP measurement, a significant amount of organic S-compounds is determined especially in low-carbonates soils (Shan et al. 1992) . The results of Morche (2008) show that in soils with less than 1% CaCO 3 , most of the S extracted with 1 mol/L HCl is organically bonded S. In our case, 79.6% of the tested soils had less than 1% of CaCO 3 . Therefore, it is possible to assume that a significant ratio of the ICP-measured S HCl was organically bonded S. The lower correlation coefficient between S HCl and S M3 also shows that M3 extractant probably does not extract the significant part of organic S. It is confirmed also by lower correlations between S M3 and S org and no significant correlation between S M3 and estersulfate S.
Additional observations confirmed close relationships between S ads and S w , S ads and S av and S w and S av . The close correlations between S org and S tot as well as between S es and S tot confirm that significant ratio of soil sulfur is organically bonded (Morche 2008 , Scherer 2009 , Kulhánek et al. 2011 , Förster et al. 2012 .
As mentioned before, M3 is a widely used extractant allowing to determine simultaneously many important macro and micronutrients in different soils (Jones 1990, Rao and Sharma 1997 and others) . Therefore, determination of S using M3 could represent a cost-saving way to evaluate bioavailable sulfur together with other nutrients. In this preliminary study, close relationships between S M3 and soil sulfur forms were found, which are described as bioavailable in the literature. In the other set of plant and soil samples taken up from fields with a wide range of different soils (n = 152) during vegetation, significant correlations (r > 0.350; P < 0.001) between S M3 content and total S content in winter wheat and winter rape were found. However, the correlations were not confirmed for maize. These data are not published here, because the further research of plant response is needed.
The study of the set of 98 samples from different commonly used agricultural soils showed that S content determined using the M3 method closely corresponds with the amounts of bioavailable S fractions. That was confirmed with both, correlation and regression analyses as well by the fact that relationships between S M3 and organic S fractions were usually very weak. M3 can be also evaluated as a suitable extractant for bioavailable sulfur for the commonly used arable soils. However, this manuscript is only a preliminary study and brings a lot of new questions. To confirm this preliminary study, further research of S M3 and S content and uptake by different plant species is needed. It is also important to further study the relationships between M3-determined soil sulfur and soil pH, organic matter content and enzymatic activity.
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